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Chemical compositionHydrogenated amorphous carbon (a-C:H) ﬁlms were grown at room temperature on glass and polished
silicon substrates using RF-PECVD (Radio-Frequency Plasma Enhanced Chemical Vapor Deposition). Plasmas
composed by 30% of acetylene and 70% of argon were excited by the application of RF signal to the sample
holder with power ranging from 5 to 125 W. After deposition, the ﬁlms were submitted to SF6-plasma
treatment for 5 minutes. SF6 plasmas were generated at a pressure of 13.3 Pa by a RF power supply operating
at 13.56 MHzwith the output ﬁxed at 70 W. The resulting ﬁlmswere characterized in terms of their molecular
structure, chemical composition, surface morphology, thickness, contact angle, and surface free energy.
During the SF6 plasma treatment, ﬂuorine species were incorporated in the ﬁlm structure causing chemical
alterations. The interaction of chemical species generated in the SF6 plasmas with surface species was
responsible for the decrease of the ﬁlm thickness and surface energy, and for the increase of the ﬁlm
roughness and hydrophobicity..
arins).
 the Elsevier OA license.ublished by Elsevier B.V. Open access under the Elsevier OA license.P1. Introduction
Hydrogenated amorphous carbon ﬁlms (a-C:H) have attracted
attention for several applications due to their suitable mechanical,
chemical, and tribological properties. It is known that the practical
performance of the a-C:H ﬁlms is strongly dependent on the proportion
of sp3 and sp2 hybridizations and also on the hydrogen content. To date,
there are several categories of hydrogenated amorphous carbon ﬁlms,
including polymer-like a-C:H (PLCH)with 60% of sp3 hybridizations and
the highest hydrogen content (40–50%); diamond-like a-C:H (DLCH)
with intermediate hydrogen (20–40%) and sp3 contents but presenting
good mechanical properties; hydrogenated tetrahedral amorphous
carbon (ta-C:H) with the highest sp3 content (~70%) and around 25%
of H atoms; and ﬁnally graphite-like a-C:H (GLCH) with the lowest
hydrogen content (less than 20%), high sp2 proportion, and clustering
[1].
Several deposition methods have been developed in order to
obtain a-C:H ﬁlms with higher proportions of carbon atoms in sp3
hybridization [2]. Films grown by plasma-enhanced chemical vapor
deposition (PECVD), generally present 70% to 100% of carbon atoms
distributed between sp2 and sp3 hybridizations and hydrogencontents lower than 30 at.% [3]. Preparation of a-C:H ﬁlms from
acetylene–argon mixtures by means of this method has generated
many important industrial applications.
Recently several studies have been conducted aiming to investigate
the properties of a-C:H ﬁlms doped with ﬂuorine since it causes a
reduction in the density [4], friction coefﬁcient [5], free surface energy
[6], and internal stress [7,8] of the ﬁlms and an increment in the surface
water repellence [9]. In a-C:H ﬁlms, ﬂuorination promotes the
substitution of hydrogen by ﬂuorine atoms in the structural network of
this material [6]. This has been observed by X-ray photoelectron
spectroscopy (XPS) in ﬂuorinated a-C:H ﬁlms (a-C:H:F), which results
revealed an increase in the C―F peak intensity and a consequent
decrease in the C―H peak intensity in the spectra [10]. However, the
replacementof hydrogenbyﬂuorine in themolecular structure causes an
increase in the defect amount, due to the fact that the atomic diameter of
ﬂuorine is larger than that of hydrogen.Other important fact is that direct
ﬂuorine incorporation, by the addition of such species in the deposition
atmosphere, has proved to produce improvement in the tribological
properties, but this incorporation is also detrimental regarding the
mechanical properties of the ﬁlms [11]. The aim of the presentworkwas
to incorporate ﬂuorine to a-C:H surfaces through post deposition
treatments using plasmas generated from SF6 in order to minimize the
structural damages while attaining good surface tribological properties
to the ﬁlms.
Fig. 2. Raman spectra for (a) the a-C:H ﬁlms deposited at different RF powers and
(b) the a-C:H:F ﬁlms.
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The system employed for the deposition and treatment of the
a-C:H ﬁlms is composed by a cylindrical-shaped glass reactor with
190 mm in diameter and 150 mm height. Inside the reactor there
are two circular plane-parallel electrodes made of stainless steel,
with diameters of 100 mm and spaced by 20 mm. Fig. 1 shows the
schematic diagram of this deposition system.
Glass plates and silicon substrates were placed on the bottom
electrode (sample holder) and the reactor was evacuated down to
1.3×10−3 Pa. 30% of acetylene and 70% of argon were admitted to the
reactor under a total pressure of 9.5 Pa. Plasmas were excited using a
Tokyo Hy-Power RF source operating at 13.56 MHz with a nominal
power ranging from 0 to 300W. The RF source was coupled to the
bottom electrode by coaxial cables through a Tokyo Hy-Power MB-300
impedance match system and the topmost electrode was grounded.
Excitation power was changed from 5 to 125W while the deposition
time was kept constant at 10 minutes.
After deposition, the a-C:H ﬁlms were treated for 5 minutes in the
same reactor in 13.33 Pa, 70 W by SF6 plasmas. The microstructure of
the ﬁlms, both before and after the SF6 plasma treatment, was
investigated by Raman spectroscopy using a Renishaw S2000
spectrophotometer with an argon laser operating at 514.5 nm. Surface
chemical analysis was performed by XPS using a Kratos Analytical
XSAM HS spectrometer. The thickness of the ﬁlms was measured in
Tencor Alpha-Step 500 proﬁlometer and the wettability by contact
angle and surface energy measurements using a Ramé-Hart F-300
goniometer. The root mean square roughness of the ﬁlms was
evaluated by a Wyko NT1100 optical interferometer.
3. Results and discussion
Fig. 2 displays the Raman spectra for the as-deposited and SF6
plasma treated a-C:H ﬁlms . An increase in the bandwidth was
observed with increasing the deposition power, except for the
samples produced at 5 W. The Raman spectra were ﬁtted with two
Gaussians and analyzed according to the method proposed by
Robertson [3]. It can be noticed in Fig. 2b that the SF6 plasma
treatment changed the spectra and caused the D band to become
wider and more intense as power was increased to 125 W. It can also
be observed a shift of the G peak to high energy region. The increasing
intensity of the D band and the change of the G band position are
indicatives of the sp2 clustering [12].Fig. 1. Schematic diagram of the experimental system employed in the deposition and
treatment of the a-C:H ﬁlms.The position, width, and intensity of the bands for the as-deposited
and SF6 plasma treated ﬁlms were determined and are presented in
Fig. 3. It is readily seen in this ﬁgure that the ratio between the D and G
band intensities (ID/IG) increases with increasing power from 5 to
125 W. A rise from 0.20 to 0.40 is detected for the as-deposited a-C:H
ﬁlms while a growth from 0.25 to 0.70 was observed for the SF6
treated surfaces. This behavior indicates a fall in the relative
proportion of hydrogen in the samples and an enhancement in the
clustering of the sp2 conﬁguration, which can be attributed to an
increase in the energy transferred to the ﬁlm structure by ionic impact
and to the elevation of temperature of both deposited ﬁlms and
substrates when the deposition is performed at higher RF power
[13]. After exposure to SF6 treatments, ﬁlms presented ID/IG ratio
similar to those encountered in the as-deposited samples grown at
lower powers levels (up to 75 W) and higher than those obtained for
the high power deposited ﬁlms (100 and 125 W). Upon SF6 plasma
treatment, interactions of the plasma species with the a-C:H ﬁlm
surface causes the replacement of hydrogen atoms, that are weakly
bound to carbon atoms, thereby forming C―F bonds. Hydrogen
etching is more intense for a-C:H ﬁlms originally grown at higher
powers since it is favored by the increase of the sp2 conﬁguration
which causes the formation of π-type bonds without increasing the
amount of ﬂuorine in the material. It can be observed in Fig. 3 that the
central positions of the band (ϖG) shifts toward higher frequencies
when the a-C:H ﬁlms were treated with SF6 plasma. This behavior can
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Fig. 3. ID/IG ratios, central positions (ϖG), and G-band widths (ΔG) for the as-deposited
and SF6 plasma treated a-C:H ﬁlms.
Fig. 4. High resolution XPS spectra of a-C:H (a) and a-C:Hexposed to SF6 post-deposition
treatment (b) ﬁlms deposited at 50W showing the deconvolution curves used to identify
the contribution of different chemical bonds.
Fig. 5. Percentages of C―C and/or C―H, C―O and C O bonds obtained from the
high-resolution C 1 s spectra for the a-C:H ﬁlms deposited at different RF powers.
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maximum between 50 and 75 W, indicating an increase in the
conﬁguration of the sp2 sites.
Fig. 4 shows the XPS spectra of the as-deposited and SF6 plasma
treated a-C:Hﬁlmsgrownat50WofRFpower. Thedeconvolutionof the
XPS spectra shows that the percentage of C―C and/or C―Hbonds (C 1 s
peak at 284.8 eV) decreased from 77% to 31% upon SF6 post deposition
treatment. Comparing the percentage of C―O (C1 s peak at 286.6 eV for
the a-C:H ﬁlms) and C―O and/or C―CF (C 1 s peak at 286.2 eV for the
SF6 treatedﬁlms) it is observed an increase from19% to39%. This trend is
a consequence of the contribution of the C―CF bonds due to ﬂuorine
incorporation in the ﬁlm structure. The spectra also show that the
percentage of C O (C 1 s peak at 288.3 eV for the a-C:H ﬁlms) compared
to the C O and/or C―CF2 (C 1 s peak 288.3 eV for the SF6 plasma treated
a-C:H ﬁlms) increased from 4% to 10%. The deconvolution of a-C:H:F
spectrum also reveals 10% of C―F bonds and 9% of C―F2 bonds (C 1 s
peaks at higher energies). It should be mentioned that during their
growth, the a-C:H ﬁlms are strongly inﬂuenced by the recombination of
free radicals generated inside the reactor. Thus, residual oxygen and/or
water molecules that were adsorbed on the reactor walls can
contaminate the argon and acetylene gas mixture and may be
incorporated into the a-C:Hﬁlm structure during the deposition process
[15]. However, free radicals do not always recombine during the
deposition process [16]. When the ﬁlms are withdrawn from reactor,
they may react with species, such as nitrogen and oxygen, from the
environment, in order to minimize the dangling bonds. Such kind of
reactions could explain the presence of oxygen and nitrogen in the long-
scan (survey) XPS spectra, not shown in this paper. The percentages of
carbon bonds for the a-C:H ﬁlms grown at different values of RF power
were obtained from the deconvolution of the high resolution C 1 s
spectra [17–19]. The results are depicted in Fig. 5. It can be observed that
the increase of RF power slightly inﬂuenced the behavior of the C―C
and/or C―H bonds and also the behavior of the C―O bonds. The resultsfrom the deconvolution of high resolution C 1 s spectra for a-C:H:F ﬁlms
are depicted in Fig. 6. It can be seen that C―C and/or C―H percentage
oscillated between 45% with the RF power varying from 5W to 125W,
while it is around 77% for the a-C:Hﬁlms for the same range of RF power
variation, as can be seen in Fig. 5. This is in accordancewith the behavior
of C―O(nearly 20%) ina-C:HﬁlmsandC―Oand/or C―CF (around30%)
Fig. 6. Percentages of C―C and/or C―H, C―O, C O, C―F and C―F2 bonds obtained from
the high-resolution C 1 s spectra for the a-C:H:F ﬁlms grown at different RF power levels.
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of ﬂuorine into the ﬁlms.
The appearance of carbon bonded to ﬂuorine atoms is mainly due
to C―H breaking, as these species are weakly bonded in comparison
to carbon-carbon and carbon-oxygen bonds. Therefore the weakness
of C―H bonds allows the highly electronegative ﬂuorine atoms to
replace a considerable amount of hydrogen atoms in the treated
samples [20–23]. In addition, during the treatment, the SF6 plasma
promoted energetic ionic impacts, causing the formation of new
dangling bonds that are occupied by oxygen, originated from the
residual atmosphere inside the reactor or from the atmospheric air.
The high-resolution F 1 s spectra for the a-C:H:F ﬁlms were ﬁtted
with peaks at approximately 686.5, 688.0, and 689.5 eV, which are
attributed to the (―CHFCH2―)n, (―CF2CH2―)n, and (―CF2CF2―)n
molecular arrangements as described by Ferraria et al. [24]. Fig. 7
shows the proportions of (―CHFCH2―)n, (―CF2CH2―)n, and
(―CF2CF2―)n molecular arrangements obtained from the a-C:H
ﬁlms after the SF6 plasma treatment. It is interesting to notice that
the proportions of ﬂuorine in the ﬁlms did not signiﬁcantly change
after the plasma treatment, independently of the RF power used in the
deposition. However, the manner in which the ﬂuorine atoms bound
to the carbon chains changed as compared to the aforementioned
three ﬂuorinatedmolecular structures (Fig. 7). These variations on the
functional groups containing ﬂuorine can be attributed to the highlyFig. 7. Percentages of (−CHFCH2-)n, (−CF2CH2-)n, and (−CF2CF2-)n molecular
arrangements obtained from the high-resolution C 1 s spectra of a-C:H:F ﬁlms.reactive species of the SF6 plasma. When the plasma is excited, a set of
reactions occurs within the sample involving free electrons, molecular
fragments, and ions having different masses and kinetic energies.
From these reactions, the samples could present a complex structural
set where ﬂuorine atoms replace hydrogen atoms in different
proportions. The complexity of the chemistry developed near the
sample surface is mainly because the low pressure plasma is not in
thermodynamic equilibrium. In such plasmas, the electron energy
exceeds the ion energy by many electron-volts, resulting in a highly
reactive environment within the plasma sheath. Therefore one may
expect that random concentrations of species of the same family in
the surface layers would be modiﬁed by the treatment.
During the plasma–surface interaction process, in addition to the
incorporation of ﬂuorine into the a-C:H ﬁlms, it is also possible to form
volatile species such as HF and sulfur species, which are removed from
the reactor by the vacuum system. This could explain the absence of
sulfur in the XPS spectra.
The concentrations (in atomic percentage) of carbon and oxygen
for the a-C:H ﬁlms and of carbon, oxygen, and ﬂuorine for the a-C:H:F
ﬁlms are shown in Fig. 8. A fall in the carbon and oxygen
concentrations can be observed following the SF6 plasma treatment.
This is attributed to the plasma/a-C:H ﬁlm interactions, as the reactive
species of the plasma (mainly those containing ﬂuorine) break the
carbon–hydrogen and carbon–oxygen bonds and, by an etching
process, cause the release of C―H and C―O radicals into the vacuum
system. Concomitantly, several dangling bonds remained on the ﬁlms,
and highly electronegative ﬂuorine atoms recombine, which explain
the high amount of ﬂuorine in the modiﬁed ﬁlms.
The wettability and surface energy of the ﬁlms were evaluated
from data obtained in the contact angle measurements. In these
analyses, deionized water was used as the polar liquid and
diiodomethane as the dispersive, or non-polar, compound. Fig. 9
depicts the contact angle results for a-C:H ﬁlms grown at different
plasma powers and for the ﬁlms submitted to SF6 plasma treatment.
For the a-C:H ﬁlms, the contact angle values remained between 70°
and 80° for deposition powers in the range of 5 to 125 W. It means
that the ﬁlms are just slightly hydrophilic, and that water wettability
is roughly independent of the deposition power. For the a-C:H:F ﬁlms,
the contact angle values were between 110° and 120°, showing that
the plasma treatment turned the initially hydrophilic surface into a
hydrophobic one. These results are consistent with the surface energy
reduction in the ﬂuorinated ﬁlms as compared to the untreated a-C:H
ﬁlms (Fig. 10). The water repellence exhibited by the a-C:H:F ﬁlms, it
is readily understood as one considers the XPS results of Fig. 8 which
revealed reduction of the oxygen concentration and incorporation ofFig. 8. Composition (in atomic percentage) of C, O and N for the a-C:H ﬁlms deposited at
different RF powers and of C, O and F for the a-C:H:F ﬁlms.
Fig. 9. Contact angle values for the a-C:H ﬁlms deposited at different RF powers and for
the a-C:H:F ﬁlms.
Fig. 11. Etching rate of the a-C:H:F ﬁlms as a function of the deposition RF power of the
a-C:H ﬁlms (prior to SF6 plasma treatment).
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decrease in the polar group concentration on a surface favors the
reduction of the wettability [25], resulting in higher contact angles
and smaller surface energies. Thus, the decrease in oxygen content in
the SF6 plasma-treated samples, with the decrease in C―O polar
bonds on their surfaces and the formation of highly electronegative
C―F bonds, could cause the decrease in surface energy.
Thickness of the ﬁlms was observed to decrease from 90 to 60 nm
as RF power was increased. This decrease in thickness is mainly due to
the heating of the substrate to temperatures of about 550 K,
promoting ablation of the growing layer. After the SF6 plasma
treatment, the thicknesses of the ﬁlms diminished from 90 nm (a-C:
H) to 30 nm (a-C:H:F), for the ﬁlms deposited at lower powers, and
from 60 nm (a-C:H) to 24 nm (a-C:H:F), for the ﬁlms deposited at
higher powers. Fig. 11 depicts the effect of the SF6 plasma on the
thicknesses of the ﬁlms deposited in plasmas of different powers. The
decrease in the etching rate is directly associated with modiﬁcations
of the molecular structure and the chemical composition of the ﬁlms.
The untreated ﬁlms grown at low deposition powers were more
hydrogenated than those grown at higher deposition powers. Thus,
the SF6 plasma treatment was more efﬁcient in extracting hydrogen
from the ﬁlms grown at lower deposition powers, as under these
conditions the ﬁlms tend to be more polymeric and therefore softer
than those reported in the literature [26]. So, the etching effect in theFig. 10. Surface energy values for the a-C:H ﬁlms deposited at different RF powers and
for the a-C:H:F ﬁlms.treated ﬁlms is more pronounced for the lower deposition powers,
even though ﬂuorinewas incorporated into the ﬁlms for all deposition
conditions.
Fig. 12 shows the root mean square (RMS) roughness for the ﬁlms
grown at different deposition powers, before and after the SF6 plasma
treatment. In a general way, the roughness proﬁles are similar for the
untreated and treated samples. However, the roughness was more
pronounced for the plasma-treated ﬁlms, and this could be due to the
etching caused by ﬂuorine species, which was responsible for the
corrosion of the surfaces. Similar results have already been observed
for ﬂuorinated DLC ﬁlms [21,26].
4. Conclusions
The microstructure and chemical composition of the a-C:H and
a-C:H:F ﬁlms are dependent on the RF power employed during ﬁlm
deposition. Thepowerof the signal employed to excite theplasmaaffects
the self bias generated in the sample holder which, in turn, determines
the intensity of the ion bombardment of the growing layer. Films
deposited at 5 W presented a polymer-like structure that changed to an
a-C:H with increasing RF power to 50W. Chemically bound oxygen,
originated from recombination of free radicals of the samples during the
depositionprocess or after exposure to environment,wasdetected in the
ﬁlms. Contact angle and surface energy measurements showed thatFig. 12. Root mean square roughness for the a-C:H ﬁlms deposited at different RF
powers and for the a-C:H:F ﬁlms.
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post-deposition treatment. After the SF6 plasma treatment, ﬂuorine was
incorporated into the ﬁlms and the concentration of polar groups was
reduced, attaining a hydrophobic character to the surfaces. The
increasing in sp2 clustering and inﬂuorineamountandtheenhancement
in cross-linking caused the ﬁlms to become more resistant to etching.
The RMS roughness values were higher for the a-C:H:F ﬁlms as
compared to the a-C:H ﬁlms, due to the effect of etching produced by
theSF6 plasma treatment. Thereforeonemayconclude that a-C:H:Fﬁlms
grown at higher RF power levels may be used as efﬁcient hydrophobic
protecting coatings for many different kinds of technological
applications.
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